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Almost all viruses have polymerases which are suitable targets for antiviral drugs. The development of selective polymerase inhibitors started with 
screening of compounds in virus-infected cell cultures and the mechanism of action was investigated once an inhibitor had been found. Especially 
nucleoside analogs were screened as their triphosphates were potential substrates for polymerases. However, the stepwise phosphorylation by 
cellular, and sometimes viral, kinases to the active triphosphate prevented a truly rational design of polymerase inhibitors. 

Nucleotide analogs offers a type of compounds which could be designed in a more rational way than nucleoside analogs since the first, most 
selective, phosphorylation step is eliminated in the path to the active inhibitor. 

The development of pyrophosphate analogs made rational design possible since these compounds act directly on the viral enzyme, but the room 
for structural variation was limited. 

The non-nucleoside HTV reverse transcriptase inhibitors are direct inhibitors and can thus be designed in a truly rational way by use of structure 
information on the enzyme-inhibitor complex by use of X-ray and NMR. This rational design of allosteric inhibitors is also being used in the 
development of inhibitors to other viral polymerases. 
© 2006 Elsevier B.V. All rights reserved. 
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1. Introduction 

The possibility to design antiviral drugs in a rational way 
and to selectively direct them against a viral function became 
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possible by the discovery of virus-coded enzymes. The first 
viral enzyme to be reported was a viral polymerase, poxvirus 
DNA dependant RNA polymerase (Kates and McAuslan, 1967). 
Before that time the search for antiviral drugs was based on ran- 
dom screening. 

Today many viral enzymes, especially polymerases and pro- 
teases, are used in the rational design of selective inhibitors and 
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Table I 

TVpes of viral polyme 



,-leoside (substrate) analog 



Nucleotide (substrate) analog Pyrophosphate (product) analog Allosteric inhibitor 



Acyclovir 
Penciclovir 
Ganciclovir 
Brivudine 



Zidovudine 

Didanosine 

Zalcilabine 

Lamivudine 

Stavudine 

Abacavir 

Emtricitabine 



Nevirapine 
Delavirdine 
Efavirenz 



known to be excellent targets for antiviral drugs. Some aspects 
on the rational design of polymerase inhibitors as antiviral drugs 
will be discussed. 

2. Rational design of an enzyme inhibitor and rational 
design of a drug 

Even if obvious to most researchers it might be worth pointing 
out the difference between the design of an enzyme inhibitor and 
the design of a drug intended for clinical use. Today a viral poly- 
merase can be cloned, expressed and analyzed by X-ray, NMR 
and other methods to determine the structure and the exact bind- 
ing of substrates, template and inhibitors. These tools to analyze 
the active site as well as knowledge about substrates and reac- 
tion products greatly facilitate the rational design of selective 
and potent inhibitors. Rapid identification of lead compounds 
and optimization of inhibitors is facilitated by large chemical 
libraries, combinatorial chemistry, high-throughput screening 
and computer aided in silico modelling. However, even if the 
tools have been developed, there is no guarantee that you are 
allowed to use them. Especially with the newly isolated viruses 
such as HCV, patenting of genes, enzymes, crystallographic 
coordinates and assays is making industrial research stressful. 
The finding of a solution to a problem (a patented drug) is some- 
times made more difficult by patenting the problem (the virus). 

However, in order to design a useful drug it is by no means 
enough to make a potent and selective enzyme inhibitor. Oral 
bioavailability, pharmacokinetics, metabolism, toxicity, cost of 
goods, stability, drug-drug interactions, etc should also fulfill 
predetermined criteria to make a drug clinically useful. These 
demands on drug properties are often more difficult to satisfy 
than the mere optimization of potency and selectivity against a 
viral enzyme. 

In order to design a polymerase inhibitor useful as a drug 
it is, therefore, necessary to optimize with respect to several 



parameters in parallel. Otherwise it is all too easy to reach a dead 
end with an extremely potent inhibitor useful only in cell culture. 

3. Types of polymerase inhibitors 

Three types of polymerase inhibitors are recognized; sub- 
strate analogs (nucleoside and nucleotide analogs), product 
analogs (pyrophosphate analogs) and allosteric inhibitors (non- 
nucleoside reverse transcriptase inhibitors, NNRTIs). The pos- 
sibility of rational design differs for these types as will be 
discussed. The resistance mutations are also different which 
makes combinations of polymerase inhibitors useful in reduc- 
ing the rate of resistance development. Compounds intercalating 
or otherwise directly interacting with nucleic acids will not be 
discussed here. 

The development of antiviral drugs was initially largely 
focused on polymerase inhibitors and this is reflected in the large 
number of such drugs on the market, but today several other 
targets are also important. The antiviral drugs, excluding their 
prodrugs, presently on the market directed against viral poly- 
merases are shown in Table 1. It should be noted that no RNA 
polymerase inhibitor has yet been licensed as a drug, although 
this will probably change with the development of hepatitis C 
virus (HCV) RNA polymerase inhibitors, and that hepatitis B 
virus (HBV) DNA polymerase also acts as a reverse transcrip- 
tase (RT). 

4. Development of nucleoside analogs as polymerase 
inhibitors 

Many of the first antiviral drugs were nucleoside analogs. 
They were discovered by screening and serendipity aided by the 
efforts of many clever nucleoside chemists precariously guided 
by the inhibition of virus replication in cell culture. These effi- 
cacy results from cell cultures were of rather limited use for the 
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Fig. I . Mechanism of action of acyclovir (ACV) and zidovudine (AZT) as competitive and chain terminating substrate analogs in nucleic acid synthesis. 



medicinal chemist in designing the next compound to synthe- 
size, since the mechanism of action was unclear in the beginning, 
and if it was due to an inhibition of a viral polymerase, there was 
a need for intracellular transformation to the active inhibitor, the 
triphosphate of the nucleoside analog. The triphosphates them- 
selves have not been used as drugs as they are not easily taken 
up by cells and the phosphate groups are readily removed by 
extracellular enzymes, 

A nucleoside analog acting as an inhibitor of a viral poly- 
merase needs to be phosphorylated in three steps to the inhibitor, 
the triphosphate. This can then act as an inhibitor by competing 
with the natural nucleoside triphosphates and also be a termi- 
nator of the growing viral nucleic acid. The first step in this 
process is quite selective and can be due to viral or cellular 
kinases, the two ensuing phosphorylation steps much less selec- 
tive and mostly carried out by cellular kinases. The last steps, 
inhibition of the viral polymerase, and in many cases chain ter- 
mination, are also selective. This is illustrated for acyclovir and 
zidovudine in Fig. I . All these reactions together determine the 
inhibition of viral replication in cell culture and in vivo. 

Acyclovir owes part of its selectivity to the fact that the first 
phosphorylation is carried out by herpesvirus thymidine kinase 
(Elion et al., 1977). Zidovudine (Furman et al., 1986) and other 
nucleoside analogs active against HIV are phosphorylated by 
cellular kinases, the first step being the most discriminating and 
only allowing some nucleoside analogs to be phosphorylated. 

The outcome of a cell culture assay to determine the antiviral 
effect of a nucleoside analog mainly depends on two different 
reactions, phosphorylation to a monophosphate and then inhi- 
bition of the polymerase by the triphosphate thus limiting the 
possibility of rational drug design as elaborated below. 

Even if a rational design of nucleoside analogs as polymerase 
inhibitors is difficult some general principles have been used 
such as blocked 3' hydroxy! groups, acyclic groups and various 
5' substituents in thymidine analogs. 

What could be done in an optimization process is to analyze 
the first phosphorylation step by kinases and then the inhibition 
of the polymerase by triphosphates. However, this analysis has 
normally been performed in retrospect, when a good inhibitor 



has been identified by cell culture assays. Even if performed 
in an attempt to optimize the inhibitory effect of triphosphates 
of nucleoside analogs one has to remember that most enzyme 
assays determine the inhibition as a competitive (with normal 
nucleoside triphosphates) reaction and the most important func- 
tion of an inhibitor could be to act as a chain terminator. Attempts 
to make monophosphate prodrugs to overcome the first hurdle 
have been made (Siddiqui et al., 1999) but not yet resulted in 
any licensed drugs. However, the use of phosphonates has been 
a useful approach to eliminate the first hurdle (see below). 

Prediction of clinical effect from cell culture data has been 
especially difficult for nucleoside analogs and requires an under- 
standing of relevant animal models (Johansson et al., 1986; 
BSttiger and Oberg, 2000). This is explained by the fact that 
several reaction steps are involved in the inhibition of the poly- 
merase activity and that the competitive reactions depend on 
concentrations of normal nucleosides and nucleotides (Fig. 1). 
These concentrations could differ considerably when comparing 
cell cultures and infected tissues in patients. The thousand-fold 
difference in IC 50 against HIV between AZT and ddl in vitro 
is not reflected in vivo where these compounds show similar 
potency, just to give one example. 

5. Development of nucleotide analogs as polymerase 
inhibitors 

The use of monophosphate nucleotide analogs (nucleoside 
phosphonates) as polymerase inhibitors avoids an important hur- 
dle, the first phosphorylation step needed for activation to a 
"triphosphate", and thus facilitates rational design (De Clercq 
et al., 1986). Structure-activity relations can be better analyzed 
for nucleotide than nucleoside analogs and cell culture assays 
for inhibition of viral replication more directly reflect inhibition 
of a viral polymerase. As seen in Table 1 there are nucleotide 
analogs on the market against CMV, HIV and HBV. It seems rea- 
sonable that this approach to polymerase inhibitors could also 
be used for inhibition of viral RNA polymerases which might 
be of interest in the development of new drugs against influenza 
virus, HCV and SARS virus. 
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Fig. 2. Mechanism of aclion of lenoibvir, a nucleoside analog phosphonate, by-passing the first phosphorylati 
and chain terminating triphophate analog in nucleic acid synthesis. 



n step, required by nucleoside analogs, to a competing 



The mechanism of action of the nucleotide analog tenofovir 
is shown in Fig. 2. Addition of two phosphate groups to a nucle- 
oside phosphonate is not as restricted by the structure as the first 
phosphorylation of a nucleoside analog. 

6. Development of pyrophosphate analogs as 
polymerase inhibitors 

A simple byproduct of a polymerase reaction is pyrophos- 
phate and analogs to pyrophosphate have been designed and 
evaluated as polymerase inhibitors (for review see Oberg, 1989). 
This evaluation was facilitated by the inhibitors direct action not 
involving any metabolic transformations and structure-activity 
relations could be established for various polymerases. Influenza 
virus RNA polymerase was initially found to be inhibited both 
by pyrophosphate (not surprising) and oxalic acid. Combin- 
ing these two structures gave phosphonoformate which is an 
inhibitor of influenza virus RNA polymerase, herpesvirus DNA 
polymerases, HIV RT and HBV DNA polymerase by the reac- 
tion shown in Fig. 3. In parallel with this work phosphonoacetic 
acid was reported to inhibit herpesvirus DNA polymerases (Mao 
and Robishaw, 1975). However, the very simple structure of the 
product pyrophosphate was a limitation for further optimization 
and despite synthesis of a number of pyrophosphate analogs 
none was superior to phosphonoformate. 

7. Development of allosteric polymerase inhibitors 

With the allosteric polymerase inhibitors of HIV RT, the non- 
nucleoside reverse transcriptase inhibitors (NNRTIs), develop- 
ment of antiviral polymerase inhibitors has reached a stage 
where one could truly talk about rational design of polymerase 
inhibitors. 
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Screening of compound libraries against HIV RT rapidly 
resulted in several structurally different inhibitors as excel- 
lent starting points for rational design of potent and selective 
inhibitors (Miyasaka et ah, 1 989; Pau wels et al., 1 990; Hargrave 
etal., 1991; Goldman et al., 1991 ; Romero et al., 1991; Bell et 
al., 1995). The direct action of these compounds at a hydropho- 
bic site on the RT and X-ray crystallographic information on 
the binding and interaction with different amino acids in the RT 
made optimization of potency straightforward. It also helped in 
understanding resistance as this is directly seen in the binding 
pattern for different inhibitors to amino acids in RT. The mecha- 
nism of action is shown in Fig. 4. Fig. 5 gives one example of an 



Selective non-competitive inhibition 

Fig. 4. Mechanism of action of the NNRTI efavirenz as an allosteric polymerase 




Fig. 5. Binding of an NNRTI (PETT compound) to HIV RT analyzed by X-ray 
crystallography reveals details on the interactions between the inhibitor and the 
enzyme (Courtesy: DrTorsten Unge. BMC, University of Uppsala). 



B. Oberg /Antiviral Research 71 (2006) 90-95 
tnleraclions with Glul 138? 




m with the "edge" of Phe227 



id Christer Sahlbcrg). 

NNRTI binding to HIV-1 RT thereby preventing the flexibility 
and movement of RT required for the elongation of the nucleic 
acid. A large number of RT structures with bound inhibitors 
have been published and many more are available at companies 
involved in the development of NNRTIs. 

A drawback with the first NNRTIs was a rapid selection of 
resistant mutants. This has partly been overcome and detailed 
knowledge about the interaction between NNRTIs and RT as 
well as RT mutants makes it possible to design inhibitors less 
prone to resistance development and active against mutants 
selected by the first generation NNRTIs. The design and use 
of combinations of NNRTIs with different resistance patterns 
is clearly feasible, as the detailed interaction between inhibitors 
and aminoacids on the polymerase are known. One example of 
this is given in Fig. 6. 

The direct action of NNRTIs on RT also makes prediction 
of clinical efficacy from cell culture data relevant once protein 
binding is taken into account, and there is also a good corre- 
spondence between enzyme inhibition and inhibition of virus 
replication in cell culture at least with compounds of a not too 
high molecular weight. A further consequence of the binding of 
NNRTIs to HIV RT is the advantage for use in vaginal microbi- 
cides both inactivating free virus and preventing replication in 
epithelial cells (D'Cruz and Uckun, 2006). 

Development of NNRTIs against other viral polymerases, 
such as that of HCV, is ongoing and other polymerases are likely 
to have suitable sites for allosteric inhibitors. This work can be 
carried out in a rational way based on X-ray crystallography of 
wild type polymerase and polymerase with various resistance 
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le H1V-RT. These results were derived from X-ray data after co-crystallizt 



8. Conclusions 

Antiviral inhibitors can now be designed in a rational way 
whether they are polymerase or protease inhibitors or belong 
to some other type of enzyme inhibitors. However, the task 
to make a useful drug is complex since antiviral potency is 



only one of several parameters which have to be optimized 
in parallel. University researchers will typically not have all 
the resources to provide compounds ready to be assigned 
candidate drug status but rather to provide new ideas and lead 
compounds which could be developed by the pharmaceutical 
industry, having the resources to optimize with respect to 
several parameters in parallel. 

These aspects on the rational design of polymerase inhibitors 
as antiviral drugs have not been written with the intention of 
providing a detailed overview of the field but rather to point out 
the progress from serendipity to rational design, a development 
which has gained so much by the industrious work of Prof. Erik 
De Clercq. 
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